Certain pyrochlore oxides 1 are among the best oxygen catalysts in alkaline media.
Furthermore, compared to bulk powders, enhanced catalytic activity has been observed in epitaxially grown perovskite oxides and structural derivatives. [11] [12] [13] [14] These results have contributed to growing interest in epitaxial films of pyrochlore oxides as an oxygen catalyst. However, while nanocrystalline powders of Bi 2 Pt 2 O 7 by thermal oxidation of Bi-Pt nanoparticles has been reported, 15 epitaxial crystals of Bi 2 Pt 2 O 7 have not yet been achieved.
Here we report the first, successful formation of epitaxial Bi 2 Pt 2 O 7 (111) on YSZ(111) single-crystal substrates. Our synthesis strategy consists of a deposition step followed by a post-growth anneal. During growth, epitaxial Bi 2 O 3 is formed in its cubic δ phase, while co- [111] [121]
[101] . The pyrochlore structure consists of corner-linked PtO6 distorted octahedra (the oxygen atoms at their vertices are omitted for clarity) with the Bi atoms filling the interstices. YSZ(111), modeled with a fluorite lattice, is composed of oxygen-metaloxygen triple layers. b, Kagome arrangements of Bi atoms (Bi, dark yellow; Pt, blue) alternate with kagome patterns of Pt atoms (Bi, purple; Pt, gray) along [111] . (Bi-Bi or Pt-Pt bonds are guides to the eye). c, YSZ(111) surface is oxygen terminated (predicted as the most stable one). 17 The topmost oxygen ions form an hexagonal array.
deposited platinum forms an as-yet undetermined state, exhibiting only minute amounts of metallic platinum in specular x-ray diffraction (XRD). Annealing in air transforms the δ-Bi 2 O 3 into epitaxial crystals of Bi 2 Pt 2 O 7 pyrochlore. The misfit between these subunits and the YSZ substrate is 0.8% (from our results, a s =5.147Å, for YSZ; and, a f =10.371Å for Bi 2 Pt 2 O 7 in bulk 16 form). We studied the out-of-plane orientation of the films by XRD. Fig.2 (a) shows θ-2θ scans of an as-deposited film (blue pattern). The growth was carried out at an oxygen pressure of 10 −4 Torr, a substrate temperature of 640
• C, and a laser fluence of 3 J/cm 2 . The as- • in omega). The measured out-of-plane lattice parameter for δ-Bi 2 O 3 is 5.519Å, in good agreement with previous reported values. 18, 19 Although the cubic δ phase of Bi 2 O 3 in bulk form is stable only from 729
• C up to its melting point at 825
• C and transforms to other phases upon cooling, it has previously been stabilized at room temperature on Au substrates by electrodeposition, 18 on polycrystalline YSZ substrates by atmospheric pressure chemical vapour deposition, 23 and as δ-Bi 2 O 3 nanostructures on perovskite substrates.
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The weak diffraction peak at q=2.77Å
−1 in Fig.2 (a, blue pattern) is consistent with that of the (111) plane of a trace amount of platinum metal with an fcc structure. Apart from the small amount of (111)-oriented platinum, these data are in agreement with several possibilities, including either amorphous platinum, ∼ 1 nm platinum nanocrystals that diffract similarly weakly to amorphous platinum, or platinum that is somehow incorporated into the δ-Bi 2 O 3 lattice. The phase segregation of the platinum metal and Bi 2 O 3 is a major difficulty of working with this system. Like the as-deposited film, the PLD target exhibits phase separation of the platinum from the bismuth oxide. The precursor material exhibits the pyrochlore phase (Bi 3+ , Pt 4+ ) when prepared by solid state reaction at 650
• C from stoichiometric mixtures of Bi 2 O 3 and platinum metal ( Supplementary Information, Fig. S3 ). However, as expected, targets sintered at this temperature are not dense enough for proper ablation. Sintering temperatures higher than 650
• C are required to synthesize highdensity PLD targets, but at these temperatures Pt 4+ reduces to platinum metal. Thus, PLD targets sintered at 820
• C (slightly below the melting point of Bi 2 O 3 ) contain platinum and Bi 2 O 3 in its monoclinic α phase ( Supplementary Information, Fig. S3 ). Consequently, platinum metal has to oxidize to Pt 4+ so that the pyrochlore phase can form on the substrate. Furthermore, control of the Bi/Pt cation stoichiometry of the film becomes complicated due to the high volatility of the bismuth and the large difference between the melting temperatures of the two components of the target (Bi 2 O 3 , 825
• C; Pt, 1770 • C). Perovskite Bi-based films with the correct stoichiometry have been grown by PLD from bismuth-rich targets 24, 25 as well as from stoichiometric targets. 26, 27 There is no previous work on epitaxial films of Bi 2 Pt 2 O 7 . We used in situ x-ray fluorescence (XRF) at grazing incidence to tune the deposition parameters while keeping track of the Bi/Pt ratio of the films. We 
[001]
δ-Bi2O3 Bi2Pt2O7 and Pt 4+ along 110 and that of vacancies determines two types of fluorite subcells in the pyrochlore structure. Cubic δ-Bi2O3 with fluorite structure where each anion site has an average occupancy of 3/4. [20] [21] [22] chose to use a stoichiometric target, and compensate for the preferential ablation of bismuth that we observed in this system by working at a pressure of 10 −4 Torr, lower than the bismuth vapor pressure at 640
• C (bismuth vapor pressure is 10 −4 Torr at 517 • C; 10 −2 Torr at 672
• C). This leads to the sublimation of a portion of the deposited bismuth. Fig.2 (b) displays the XRF spectrum for the film shown in panel (a) measured in situ once the substrate temperature was cooled down. The quantitative analysis performed by a custom fitting procedure which employs the Elam database 28 provides an estimate Bi/Pt ratio of 0.88 ± 0.01 within a 95% confidence level.
In order to induce oxidation of the platinum, the film shown in Fig.2 (a, blue scan) was annealed in a tube furnace in air at 640
• C for 8 h. Fig.2 (a, orange scan) displays the θ-2θ scan of the film after annealing. This pattern shows two new peaks that can be attributed to (222) and (444) pyrochlore with an out-of-plane lattice parameter of 10.57 ± 0.02Å. The reflections assigned in the as-grown film to {111} planes of δ-Bi 2 O 3 have disappeared while the weak peak attributed to some trace of (111) platinum metal is still observable. These results support the hypothesis that the Pt(111) peak in the XRD scan of Fig.2 (a, blue pattern) cannot fully account for all the deposited platinum in the film. Rocking curve measurements for the (222)Bi 2 Pt 2 O 7 peak ( Supplementary  Information, Fig. S4 ) reveal a FWHM of 0.098±0.002
• in omega, comparable to that of the (111)δ-Bi 2 O 3 peak ( Supplementary Information, Fig. S2) .
We investigated the oxidation state of platinum in the annealed films. Fig.2(c) shows Pt L 3 edge X-ray absorption near edge structure (XANES) spectrum (orange) of a bismuth-rich annealed film (Bi/Pt=1.62±0.04) with pyrochlore phase ( Supplementary Information, Fig. S5 and S6). Fig.2 (c) also displays XANES spectra for a platinum metal foil (black), and PtO 2 (green) used as reference standards. The higher threshold energy (E 0 ) of the film in relation to that of the platinum reference foil is consistent with a higher oxidation state in the annealed film, most probably Pt 4+ . The intense peak, referred to as white line, observed in the spectrum of the film (Fig.2(c) , orange) is indicative of a metal oxide. It is thus clear that platinum oxidized during the post-growth anneal.
The smoothness of the surface of the annealed film in Fig.2(a) ,(b) was analyzed by atomic force microscopy (AFM). The AFM image shown in Fig.2(d) reveals a rms roughness of 0.84 nm. It was grown on a YSZ (111) stepped surface with atomically flat terraces (Supplementary Information, Fig. S7) .
The structural models shown in Fig.2 (e) reveal striking similarity between the cubic δ-Bi 2 O 3 and the pyrochlore structures. Both are based on an ordered oxygen deficient fluorite structure. Bi 3+ cations in δ-Bi 2 O 3 , as well as both Bi 3+ and Pt 4+ in the pyrochlore structure form an fcc lattice. This strongly suggests the stabilization of the δ phase of Bi 2 O 3 is essential for the formation of the Bi 2 Pt 2 O 7 pyrochlore phase during the ex-situ postgrowth anneal. In fact, films that contained the monoclinic (α) phase of Bi 2 O 3 still exhibit α-Bi 2 O 3 as the majority phase after annealing, (Supplementary Information, Fig.S8) .
Remarkably, the pyrochlore phase is epitaxial. Along with high intensity peaks characteristic of the parent fluorite structure (h + k, k + l, and l + h are all multiples of four), we observed weak pyrochlore superstructure peaks (their intensity is expected to be three orders of magnitude lower), such as (333) and (331).
The expected positions for the reflections of the epitaxial Bi 2 Pt 2 O 7 /YSZ system are depicted in Fig.3(a) . Peaks from the YSZ substrate with a fluorite lattice are also labeled. Area scans at grazing incidence around asymmetrical reflections of the Bi 2 Pt 2 O 7 phase were transformed into reciprocal space maps (RSM). They are plotted in Fig.3(b) and (c) for a bismuth-rich film and for a slightly platinum-rich film, respectively. δ-Bi 2 O 3 still present in the bismuth-rich film shows up in the RSM of the Bi 2 Pt 2 O 7 , revealing again the similarity between the fluorite and pyrochlore structures (Supplementary Information, Fig.S9 ). Superstructure peaks indicative of the pyrochlore phase are highlighted.
In-plane (a ) and out-of-plane (a ⊥ ) lattice constants of the epitaxial Bi 2 Pt 2 O 7 , along [011] and [111] directions, respectively, determined from the RSMs are a = 10.46±0.03Å
−1 and a ⊥ =10.423±0.006Å −1 , for the film in Fig.3(b) ; and, a = 10.53±0.08Å −1 and a ⊥ = 10.53±0.04Å −1 (in accordance, within the error, with the value obtained from the θ-2θ scan in Fig.2(a) ) for the film in Fig.3(c) . These figures suggest the pyrochlore is relaxed with respect to the substrate lattice. Azimuthal φ scans carried out using synchrotron xray radiation at grazing incidence on the (200) peak of α-Bi 2 O 3 of an as-grown film, Fig.3(d) , and on the (222) peak of Bi 2 Pt 2 O 7 in an annealed film, Fig.3(e) , confirm the epitaxial nature of the films with an in-plane orientation which gives rise to peaks with threefold symmetry. The FWHM of (200) peaks of α-Bi 2 O 3 is 0.50
• ±0.01, and that of the (222) peaks separated 120
• in the φ scan is 0.57
• ±0.02. • respect to each other, can be built with the structural model shown in Fig.1(b),(c) . However, no twin domains were observed in our films. Fig.4 shows cross-sectional high-angle annular dark field (HAADF) scanning TEM images for the films whose RSMs are displayed in Fig.3(b) , (c). These studies reveal ∼ 100 nm long regions of ordered epitaxial pyrochlore. A wider field of view scanning TEM images showing nonpyrochlore regions are shown in Supplementary Information, Fig.S10 . Fig.4(a) exhibits the expected columns of a pyrochlore structure with cation ordered vacancies (no noticeable contrast in the HAADF is expected between Bi and Pt columns). The presence of vacancies in this case can be due to the deviation from the correct stoichiometry of the film composition, Bi/Pt=1.62±0.04. The platinum-rich film shown in Fig.3(c) (e) ratio of 0.88±0.01 does not contain cation vacancies in its pyrochlore structure, Fig.4(c) .
In conclusion, these results provide a novel route for the formation of epitaxial Bi 2 Pt 2 O 7 pyrochlore, thought to be one of the most efficient oxide catalysts. Upcoming work includes the investigation of the oxygen reduction activity of the (111) surface of Bi 2 Pt 2 O 7 , and its comparison with powder pellets. However, the difficulty of controlling Bi/Pt stoichiometry suggests that independent control of volatile bismuth and non-volatile platinum sources may be required for routine growth of pristine films. 
